Point-light biological motions, conveying various different attributes of biological entities, have particular spatiotemporal properties that enable them to be processed with remarkable efficiency in the human visual system. Here we demonstrate that such signals automatically lengthen their perceived temporal duration independent of global configuration and without observers' subjective awareness of their biological nature. By using a duration discrimination paradigm, we showed that an upright biological motion sequence was perceived significantly longer than an inverted but otherwise identical sequence of the same duration. Furthermore, this temporal dilation effect could be extended to spatially scrambled biological motion signals, whose global configurations were completely disrupted, regardless of whether observers were aware of the nature of the stimuli. However, such an effect completely disappeared when critical biological characteristics were removed. Taken together, our findings suggest a special mechanism of time perception tuned to life motion signals and shed new light on the temporal encoding of biological motion.
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point-light walker | temporal expansion | psychometric function O ur senses not only enable our brain to perceive images and sounds, but they also inform us about the passage of time. Time perception over fine scales is fundamental to a range of everyday human activities (for example, to estimate how fast you need to run to catch a ball), and we seem to be able to accurately estimate time as if there exists a specific mechanism that can measure time (e.g., an internal clock; refs. 1, 2). Although it seems quite natural, perceiving time is an extremely complex phenomenon that involves a number of unresolved issues in psychology, and we are far from completely understanding its underlying mechanisms. It has been shown that there is not a specific sensory organ designed to tell time and our representations of subjective temporal duration vary in response to variations of external sensory inputs (reviewed in ref. 3) .
Stimulus motion is thought of as a crucial property that can modulate and alter our perception of time. Several studies have shown that a moving stimulus is perceived to last longer in duration than a slower or stationary stimulus of the same physical duration, a phenomenon referred to as subjective time dilation (4) (5) (6) (7) (8) (9) . Some researchers proposed that this subjective time dilation effect might reflect a result of long-term evolutionary adaptation (6, 10) . By lengthening the subjective duration of those moving and important stimuli and thus enhancing their temporal resolution, observers may be able to process such signals in greater depth per unit of objective time (11) , which potentially provides an ecological advantage allowing living organisms to anticipate events or actions and to better adapt themselves to the environment (6) . Although the underlying mechanism of the time distortion induced by motion has often been speculated from a point of evolutionary view, all these studies used highly simplified and artificial stimuli, such as Gabor patches (6) and textured spheres (7) , and little is known regarding the temporal encoding of animate motions in real life.
Different from inanimate object motions, humans have evolved to be highly sensitive to other biological entities' movements, quickly understanding the intentions behind their movements and anticipating their next move (12) (13) (14) , even when the motions are portrayed by only a handful of point lights attached to the head and major joints (15) . The evolutionary importance of biological motion processing makes it special and distinguishes it from other forms of motion (16) . Previous studies have shown that the imitation of biological movements is faster than kinematically identical motion of nonbiological stimuli (17) (18) (19) (20) , and the effects of temporal modulations on biological motion processing also differ from nonbiological motion (21, 22) . More importantly, there is ample evidence showing that the neural substrates associated with human motion processing are at least in part distinct from those associated with inanimate motion (12, 23, 24) . Hence, it raises a fundamental question whether the temporal encoding of biological motion is distinct from that of inanimate motion. Although the specialized processing of the spatial configuration of biological motion has been extensively examined in most previous studies (25) (26) (27) (28) (29) (30) , the encoding of temporal information has received much less attention.
The present study aimed to probe this issue by adopting a type of biological motion stimuli, point-light walkers, for use in a duration discrimination task (Fig. 1) . We tested both intact and scrambled biological motion sequences, as the scrambled ones shared the same local motion components as the intact walkers but without the gestalt of a global figure. Some more recent studies have found that these scrambled biological motion sequences still convey specific biological information (31) (32) (33) . In the present study, the animate motions (intact and scrambled) were contrasted with inanimate motions that were created by inverting the upright sequences (34) (35) (36) or disrupting critical biological information (e.g., motion acceleration and motion phase) (37) .
Results
Experiment 1: Temporal Dilation of Biological Motion Signals. The statistical analyses were conducted on the point of subjective equality (PSE) and different limen (DL) obtained through fitting a psychometric function to the data of each individual observer ( Fig. 2A and Methods). In the biological motion condition, onesample t tests revealed a significant negative PSE in the 500-ms standard-duration condition [t(7) = −2.44; P < 0.05] and in the 1,000-ms standard-duration condition [t(7) = −2.65; P < 0.05], suggesting a temporal dilation (i.e., expansion) effect of the upright biological motion sequences compared with the inverted ones of identical physical duration. In the static figure condition, the PSE was not different from zero in both the 500-ms [t(7) = −0.06; P > 0.1] and 1,000-ms [t(7) = 0.09; P > 0.1] standard-duration conditions, indicating that upright static frames with a discernable human figure could not elicit the temporal dilation effect compared with inverted static frames. Two-way mixed-design ANOVA analyses revealed that the main effect of the stimulus condition (biological motion vs. static figure) for the PSE was significant [F(1, 14) = 7.35; P < 0.02], indicating that the temporal dilation effect (i.e., minus PSE) of the biological motion stimuli was significantly Author contributions: L.W. and Y.J. designed research, performed research, analyzed data, and wrote the paper.
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larger than that of the static figures (Fig. 2B) . Neither the main effect of the standard duration [500 ms vs. 1,000 ms, F(1, 14) = 0.62; P > 0.1] nor its interaction with stimulus condition [F(1, 14) = 0.84; P > 0.1] was significant. Moreover, the observers' temporal discrimination sensitivities (i.e., DL) were not significantly different between the biological motion and the static figure conditions [F(1, 14) = 0.46; P > 0.1]. Therefore, the temporal dilation effect was indeed caused by the biological motion signals rather than the familiarity of the upright global figures.
Experiment 2: Temporal Dilation Independent of Global Configuration
and Subjective Awareness. To further investigate whether the temporal dilation effect essentially reflects an intrinsic sensitivity of the human visual system to biological motion signals, we adopted the scrambled biological motion sequences in which all the point lights were spatially scrambled and the global configuration was entirely disrupted. In addition to probing the dependence of the temporal dilation effect on the global configuration of biological motion signals, we were also interested in whether such an effect has to rely on observers' subjective awareness of the biological nature of the stimuli.
One-sample t tests revealed a significant negative PSE for the scrambled biological motion condition [t(7) = −4.11; P < 0.01], which was not different from the PSE for the intact biological motion stimuli obtained in experiment 1 [t(14) = 0.18; P > 0.1], suggesting that the temporal dilation of biological motion stimuli does not necessarily rely on the global configuration and can be induced by the local motion signals alone. Interestingly, this temporal effect still persisted even when observers were naive to the nature of the stimuli in the first block [t(7) = −3.24; P < 0.02], and there was no significant difference of the temporal effect between the two blocks [t(7) = 1.42; P > 0.1; Fig. 3 ). These results suggest the existence of a special mechanism of time perception that is tuned to local biological motion signals and operates even without observers' subjective awareness of the biological nature. Finally, we tested nonbiological motion sequences to verify that the observed temporal dilation effect of biological motion signals was indeed driven by the embedded biological characteristics. Results showed that the PSE was not different from zero [t(7) = 0.92; P > 0.1], indicating that the nonbiological motion sequences, although sharing identical moving trajectories with biological motion signals, could not elicit a temporal dilation effect. Moreover, the temporal dilation effect of the scrambled biological motion (i.e., the first block in experiment 2) was significantly larger than that of the nonbiological motion [t(14) = 3.02; P < 0.01; Fig. 3 ]. Note that the only difference between the scrambled biological motion (experiment 2) and the nonbiological motion (experiment 3) sequences was the presence vs. absence of biological characteristics (i.e., motion acceleration and motion phase). Therefore, the present results provide strong evidence that the observed temporal dilation effect reflects a special mechanism that is essentially triggered by the biological characteristics embedded in the motion signals.
Discussion
People are remarkably adept at recognizing the motions of biological entities in complex visual scenes. The importance of spatial configuration in the perception of biological motion has been widely demonstrated (25, (27) (28) (29) (30) , whereas only a few have suggested that the temporal properties might also have an impact on the processing of biological motion information (38) (39) (40) (41) (42) (43) . For ex- ample, it was found that varying temporal parameters (e.g., display durations and interframe intervals) of point-light walkers modulated participants' performance on a direction discrimination task (39, 40) . Changing temporal properties also affected the recognition of individuals from point-light biological motion displays (42) . Although these studies have suggested that temporal characteristics seem to influence how biological motion is perceived, the temporal encoding of biological motion signals remains unclear. In the present study, we used point-light walkers in a duration discrimination task and found a robust visual perceptual dilation of temporal duration that relies on the automatic encoding of temporal dynamics in biological motion. Specifically, the presentation duration of an upright biological motion sequence was significantly expanded compared with that of an inverted biological motion sequence. Moreover, the effect was not a result of the familiarity of the global configuration, as an upright static human figure showed no such dilation effect compared with an inverted counterpart. This notion was further confirmed with spatially scrambled biological motion stimuli. Unlike intact biological motion displays that had an obvious global configuration, scrambled upright biological motion and its inverted counterpart were equally unfamiliar to naive observers, but the former still exhibited a similar temporal expansion effect. Critically, such an effect completely disappeared when biological characteristics were disrupted from the scrambled stimuli. Therefore, these results suggest that the perceptual dilation of temporal duration observed here is essentially triggered by the specific characteristics of biological motion signals.
A similar temporal dilation phenomenon has been observed with some low-level physical properties of visual stimuli (e.g., size, brightness, and motion) in previous studies (5, 6, (44) (45) (46) (47) , and it has thus been suggested that the subjective duration of external stimuli mirrors the amount of neural energy used to encode them (i.e., neural energy hypothesis) (3). In other words, more intense stimuli will be perceived longer as they evoke stronger neural responses. Recent brain imaging studies have revealed that upright biological motion signals produce stronger activations in the posterior superior temporal sulcus compared with inverted displays (24) , and that activation in this brain region increases in relation to the degree of animacy (48) . Therefore, our finding that biological significance shapes visual timing is in accordance with the neural energy hypothesis and clearly demonstrates that the temporal dilation effect could also occur with some certain high-level visual information (see also refs. 47, 49) . It is noteworthy that the finding here offers a different view of the distinction between the processing of animate and inanimate motions, which implies an ecological "alerting" function of the neural timing system, allowing living organisms to better prepare themselves for ongoing and upcoming events in social interactions (6, 50) .
Notably, such a temporal dilation effect could be extended to local biological motion stimuli without any global configuration, which parallels recent findings on the perception of local biological motion cues (31-33, 37, 51) . For example, it has been shown that the ability of direction discrimination and the perception of animacy from spatially scrambled biological motion displays are better with upright than inverted cues (31, 32) . However, most previous studies adopted tasks that require the subjects to explicitly process the relevant attributes of biological motion signals (e.g., direction discrimination), and it thus remains possible that the processing of local biological motion cues is dependent on specific tasks. In the present study, observers did not need to rely on any biological motion attributes to complete the task; hence, the observed effect should reflect an intrinsic sensitivity of the human visual system to local biological motion cues. More remarkably, such temporal dilation effects still persisted even when observers were naive to the stimuli, providing compelling evidence that the temporal encoding of biological motion signals is essentially automatic and independent of observers' awareness of their biological nature. These findings, combined with previous ones (52-55), point to an evolutionarily significant and possibly innate brain mechanism underlying local biological motion processing.
In conclusion, the present study clearly demonstrates that biological motion signals, independent of global configuration and without observers' subjective awareness of their biological nature, can prolong their perceived temporal duration. These findings suggest the existence of a special and evolutionarily important mechanism of time perception that is specifically tuned to life motion signals. Duration expands when observers are confronted with life motion signals.
Methods
Participants. A total of 32 observers (17 female) whose ages ranged from 22 to 31 y took part in the study. Sixteen participated in experiment 1, eight participated in experiment 2, and the remaining eight participated in experiment 3. All had normal or corrected-to-normal vision and gave written, informed consent in accordance with procedures and protocols approved by the institutional review board of the Institute of Psychology of the Chinese Academy of Sciences. All observers were naive to the purpose of the experiments.
Stimuli. Stimuli were generated and displayed by using MATLAB (Mathworks) together with the Psychophysics Toolbox extensions (56, 57) . Point-light biological motion sequences, which were created by videotaping a walking actor, were adopted from Vanrie and Verfaillie (28) . The segments were digitized, and the head and joint positions in each frame were encoded as motion vectors with initial starting positions. Each motion cycle was 1 s with 30 frames. Static biological motion frames were created by capturing the most extended points of a gait cycle from the biological motion stimuli. Scrambled biological motion sequences were created by randomizing the starting positions of each point within the region approximately covered by the intact biological motion sequences. In the scrambled biological motion sequences, the local motion components remained unchanged, and only the global configural information was entirely disrupted (Fig. 1) . Nonbiological motion sequences were derived from the fragments identical to the scrambled sequences but with some critical biological characteristics removed. Specifically, each individual dot moved along a path identical to the scrambled sequences but with a constant speed equal to the average speed of the dot. In addition, the initial motion phase of each individual dot was also randomized. Such manipulations disrupt the natural velocity profile and phase relationship of the scrambled biological motion but keep the motion trajectories of individual point lights unchanged. Inverted biological motion counterparts (i.e., intact, static, scrambled, and nonbiological versions) were created by mirror-flipping all the motion sequences vertically.
Procedure and Data Analysis. Stimuli were white on a gray background and the viewing distance was 80 cm. In each trial, two stimuli (e.g., an upright biological motion sequence and an inverted biological motion sequence), subtending approximately 4.0°× 6.8°in visual angle, were used and sequentially presented ** n.s. ** * n.s. Fig. 3 . Duration discrimination results from experiments 2 and 3. The temporal dilation effect of the scrambled biological motion stimuli in the first block was not different from the second block, but it was significantly larger than that of the nonbiological motion stimuli (*P < 0.05 and **P < 0.01; n.s., not significant). Error bars show standard errors.
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in the center of the screen. One of the stimuli (upright or inverted biological motion) was randomly selected as the standard duration and presented for 500 ms (or 1,000 ms), and the other could be displayed for 200, 300, 400, 500, 600, 700, or 800 ms (or 400, 600, 800, 1,000, 1,200, 1,400, or 1,600 ms), resulting in a total of seven test conditions. In other words, the difference of the presentation durations of the two stimuli (upright vs. inverted) could be −300, −200, −100, 0, 100, 200, or 300 ms (or −600, −400, −200, 0, 200, 400, or 600 ms). A blank interval (with a randomized duration of 400-600 ms) was inserted between the displays of the two stimuli to avoid a potential interference effect. The presentation order of the two stimuli (first vs. second display) was truly randomized across trials. The initial frame of the point-light display was also randomized for each test stimulus and for each trial. Observers were required to make a two-alternative forced choice to indicate, as accurately as possible, which interval (the first or the second) appeared longer regardless of what kind of stimuli was shown. Participants were explicitly told that neither the stimulus content nor its order was predictive of the stimulus presentation duration. The intertrial interval was 1,000 ms. Experiment 1 adopted a mixed design of two standard durations (500 ms vs. 1,000 ms) and two stimulus conditions (biological motion vs. static figure) . Half the observers were assigned to the biological motion condition in which the two types of test stimuli were the upright intact biological motion sequences and the inverted intact biological motion sequences. The remaining observers were assigned to the static figure condition in which the two types of test stimuli were the upright static biological motion frames and the inverted static biological motion frames. They were informed of the nature of the static figures before the experiment. All observers completed two blocks of trials-one in which the standard duration was 500 ms and one in which the standard duration was 1,000 ms. Each block consisted of 140 trials, with 20 trials for each test condition. Test trials were presented in a new random order for each observer, and the order of these two blocks was counterbalanced across observers.
In experiment 2, the two types of test stimuli were the upright and inverted scrambled biological motion sequences, and only the standard duration of 1,000 ms was adopted. There were two blocks in this experiment to test whether the temporal dilation effect relies upon the explicit recognition of the biological information. In the first block, observers were naive to the nature of the scrambled sequences, which was further confirmed in a postsession debriefing. All the observers simply described the scrambled sequences as random motion patterns that they could not recognize, consistent with previous findings (31) . At the beginning of the second block, observers were explicitly told that the stimuli were derived from a human walker. In experiment 3, the upright nonbiological motion sequences and their inverted counterparts were used with a standard duration of 1,000 ms.
The results from this two-alternative forced-choice task were fit with a Boltzmann sigmoid function for each individual observer (Eq. 1), and the statistical analyses were conducted on the PSE (i.e., the point at which observers perceived the two stimuli equal in terms of the presentation duration), which is estimated by the midpoint of the Boltzmann function:
A negative PSE means that the upright biological motion sequence is perceived longer (i.e., temporal expansion) compared with the inverted counterpart, whereas a positive PSE indicates the reverse (i.e., temporal compression). In addition, the DL (i.e., half the interquartile range of the fitted function) was used to measure the temporal discrimination sensitivity (a more detailed explanation is provided in refs. 58, 59 ).
